[1] Ultrafine particles sampled during new particle formation bursts observed in the coastal zone were studied with transmission electron microscopy (TEM) and elemental analysis using energy-dispersive X ray (EDX). It was observed that both iodine and sulphur were present in the new particles with diameter below 10 mn. Gaseous emissions of halogen compounds from seaweeds were also measured at the same location during low-tide particle nucleation episodes. Based on the presence of iodine in the particle phase during low-tide nucleation bursts, and the significant emission of iodine compounds from the seaweeds during these periods, it is apparent that part of the biogenic iodine species emitted from the seaweeds end up in the ultrafine particulate phase. It was not possible to quantitatively determine the iodine content in the particles; however, in most cases the relative contribution from iodine and sulphate was similar, while some cases indicated no sulphate. On larger sized particles the contribution of sulphate was significantly higher than iodine. It appears that the condensable species leading to the appearance of new particles in the coastal atmosphere is an iodine species. Whether or not this iodine species also participates in the nucleation of new stable clusters could not be completely verified.
Introduction
[2] New particle formation processes in the atmosphere affect the overall number concentration of atmospheric aerosol particles. While a significant amount of new nanometer-sized particles are lost through coagulation scavenging, a noticeable fraction of these survive to grow by both coagulation and gas-to-particle conversion processes, over a period of hours, into accumulation mode, or radiatively active, sizes [Mäkelä et al., 1997] where they have the longest residence time of all particle sizes. During some natural nucleation and growth events, the enhancement in the concentration of these particles results in a similar enhancement of both aerosol scattering efficiency along with cloud condensation nuclei concentration and can enhance the radiative properties of background aerosols three-fold [O'Dowd, 2001] . While there have been a number of studies of new particle production at different background locations, both over land and over oceans, there has been little progress in truly underpinning the processes leading to the observations [Weber et al., 1998; Mäkelä et al., 1997; O'Dowd et al., 1997 O'Dowd et al., , 1998 Clarke et al., 1998 ]. The primary reason for the lack of understanding of new particle formation relates to the difficulties in measuring both the size and chemical composition of these particles. Furthermore, difficulties in measuring the concentrations of possible precursor nucleating vapours has also compounded the matter. Composition analysis of ultrafine particles (size below 10 nm) is a developing area of research itself. Even though there are methods to analyze metallic particles of a few nanometers, all the studies of atmospheric particle composition realized up to now have been focused on particles larger than some tens of nanometers [Pósfai et al., 1994 [Pósfai et al., , 1995 Kerminen et al., 1999; Ge et al., 1998 ]. The elemental composition of industrial nanoparticles and, more generally, ultrafine particles generated in material science, are almost routinely analyzed by the EDX (energy-dispersive X ray) method in connection with electron microscopy [e.g., Williams and Carter, 1996] . In spite of the lack of verified information about the chemical composition of the newly formed atmospheric aerosol particles, several assumptions have been made based on the physicochemical data from laboratory experiments. The most common hypothesis concerning ambient particle formation mechanisms are based on the exceptionally low volatility of sulphuric acid-water system [Marti et al., 1997] . When ammonia is added into the system, nucleation seems to be even more probable, and almost unavoidable, for given atmospheric concentrations [Kulmala et al., 2000] . Recent studies of new particle formation in the biogenically rich coastal environment have argued that while nucleation itself may result from the ternary nucleation of sulphuric acid, water and ammonia, a fourth condensable species was required to grow these new particles into detectable sizes of 3 mn and thus contribute to the background aerosol population [O'Dowd et al., 1999 [O'Dowd et al., , 2002a [O'Dowd et al., , 2002b . In the coastal environment at Mace Head, particle production events are observed frequently and mostly, but not always, are linked to the exposure of marine biota during low tide and solar radiation conditions. Measurements of various gas-phase species in this environment only elucidated a tidal relationship between biogenic halocarbons [Carpenter et al., 1999] and , a product formed following halocarbon photolysis (e.g., CH 2 I 2 ). Examination of diurnal cycles of sulphuric acid and methanesulphonic acid indicated no linkage whatsoever with the occurrence of low tide [Berresheim et al., 2002] . Based on the above observations, this study examines the possible linkage between biogenic iodocarbons and chemical composition of recently formed particles, with particular attention to iodine, during coastal nucleation bursts at Mace Head during the PARFORCE campaigns [O'Dowd et al., 2002a] .
[3] Although the presence of iodine species has been identified and analyzed in atmospheric particles, information about iodine in submicron particles, not to mention ultrafine particles, is still scarce. Sturges and Barrie [1988] studied the arctic aerosols, with the resulting finding that iodine was present in the arctic aerosol particles with enrichment factors of even as high as 1000 relative to iodine in the bulk seawater samples. This is in agreement with former findings about iodine in marine aerosol at other locations [Whitehead, 1984] . Gäbler and Heumann [1993] found iodide in the particles of North Sea coast whereas Wimschneider and Heumann [1995] found both iodide and iodate during a cruise over die South Atlantic. Particle size fractioning for the South Atlantic samples revealed that iodine species are present practically in all sizes whereas for the Regensburg samples (continental Germany) the submicron size range (stage 5 and backup filter) contained more of the iodine than the other sizes. Murphy et al. [1997] studied particles larger than 160 nm with the same result that particles were highly enriched in iodine species. During laboratory studies Cox et al. [1999] measured the kinetics of gaseous IO and the production of OIO. They discussed that, based on the assumed timescales, the smaller sized fraction of aerosols might be well enriched by iodine, especially iodate in their case. However, the calculated concentration of iodate in these particles, based on their kinetic data, remained small.
[4] More recently, Baker et al. [2000] analyzed a time series of aerosol samples from a coastal site of southeast England. Size segregation showed that much of the particulate iodine at that coastal site was in the submicron particle size range. The concentrations of particulate iodate were found to be in the order of 10 pmol m À3 in air.
[5] The global atmospheric cycle of iodine is not fully understood and new field data, especially for particulate matter is urgently needed. McFiggans et al. [2000] and Vogt et al. [1999] discussed the atmospheric chemistry of iodine in the marine boundary layer (MBL), especially with respect to partitioning of iodine species between gas and particle phase. It is known that iodine participates the gas phase photochemistry and destruction of ozone in the MBL [Vogt et al., 1996; McFiggans et al., 2000] , but still the chemical pathways of iodine species into the particle phase are not well understood It is generally assumed that higher concentrations of iodine are found in the marine than in the continental aerosol samples. Furthermore, according to McFiggans et al. [2000] , most of the iodine is expected to be iodate. The high marine concentrations of iodine species are assumed to be, as mentioned above, mostly due to the emissions from seaweeds in the marine environment [Carpenter et al., 1999] .
[6] In this paper, we present a study where we have made a novel attempt to analyze specific halogen elements in new ultrafine particles that are formed in the coastal regions of western Ireland. The results from the elementary analysis of the particles are connected with the results from the emission measurements of halogen compounds from the seaweeds in the same areas. This work was undertaken as part of a dedicated study of New Particle Formation and Fate in the Coastal Environment (PARFORCE). The strategy and objectives of PARFORCE are outlined by O'Dowd et al. [2002a] . Two field campaigns were conducted at the Mace Head Atmospheric Research Station, one in September 1998 and the other in June 1999.
Experimental Techniques

Particle Sampler
[7] In order to collect ultrafine particles for further particle analysis, we constructed a specific electrostatic precipitator. The operational principle of this instrument follows the idea of a needle-to-plate collector introduced by Cheng et al. [1981] and later used by Gurav et al. [1994] . However, to avoid unnecessary particle agglomeration due to extensively strong local electrical fields, a plate-to-plate collector was designed, as shown in Figure 1 . Two metallic pillars were placed vertically aligned to the sample flow, PAR with a separation distance of 5 mm between each other. The sampling plates (distance of 3 mm) were arranged on top of metallic pillars, one of which was set to voltage of 4 kV, and the other one to ground potential. During calibration, a voltage of 4 kV was found to generate a collection efficiency function with a 50% cut-size at 20 nm for a sample flow rate of 1.5 1 min À1 (see Figure 2 ). Thus most of the charged particles below 20 nm (particle diameter) are expected to be collected. The collection efficiency of the TEM-sampler as a function of particle size was verified using silver particles with sizes of 3 -50 nm, generated in a tube furnace [Scheibel and Porstendörfer, 1983] . For the sampling plates we used Structure Probe (TM) holey carbon cartridges with a supporting 400 mm copper grid.
[8] In order to guarantee that at least a fraction of the particles introduced into the sampler would be electrically charged, we pre-charged the ambient particles using a bipolar aerosol charger [e.g., Liu and Pui, 1974] containing the beta-active isotope of Pm147 for ion generation. It should be noted that the new particle concentration in Mace Head is extremely high, rising up to more than one million particles per cm À3 [O'Dowd et al., 2002b] and therefore exceeds the natural ion pair concentration (by several orders of magnitude). The same is true for the estimated nucleation rates (of the order of 10 5 -10 6 cm À3 s À1 [Kulmala et al., 2001; Pirjola et al., 2002; Dal Maso et al., 2002] which also exceed the natural ion pair formation rate due to cosmic radiation 2 -4 ion pairs cm À3 s
À1
). Therefore the bipolar aerosol charger was always used upstream of the electrical precipitator during field sampling.
Microscopy Technique and EDX Analysis
[9] Transmission electron microscopy (TEM) graphs of the samples were taken with a Philips CM 200 FEG (field emission gun) operated at 200 W. The smallest obtainable probe size is approximately 0.4 -0.5 nm. This instrument has a point resolution of 0.23 nm. The elemental analysis was performed with an energy dispersive X-ray analysis (EDX, Noran Pioneer TM 30 mm 2 Â 5 mm Si(Li)-X-ray detector) installed in connection with the TEM. Although the elemental analysis is rather qualitative, most of the elements with an atomic number larger than 5 (boron) are expected to be detected. In the analysis, the beam spot size was varied between 2 -9 nm. The spot size was varied depending on the particle size. In practice, the spot size should not exceed the particle size in order to obtain the required spatial analytical resolution.
[10] In order to obtain reliable quantitative information of elemental composition of the ultrafine particles by an analytical electron microscope, one needs a thin (below 100 nm) homogeneous and electron-transparent standard material, containing elements typically found in atmospheric aerosol. Unfortunately, such standards are not commercially available. However, there exist some thin film standards for light elements [National Institute of Standards and Technology (NIST ), 1993]. To provide some information of the quantitative capabilities of the instrument; we report the detection limits obtained for the NIST thin film standard material (2063a). Certified elements for this standard are: Mg, Si, Ca, Fe and O. Also Ar content is given although not certified for this standard.
[11] An example spectrum of the standard material obtained with a 5 nm probe size is shown in Figure 3 . Assuming that the peak intensity has to be 3 times larger than the standard deviation of the background counts, the following detection limits for relative concentrations (percent by weight) were obtained for the reference sample: Mg-0.3%, Si-0.05%, Ca-0.15%, Fe 0.1%, O-0.14% and Ar-0.1%. As an order of magnitude estimation, we can assume that the detection limit for iodine is in the order of 0.1% of the analyzed volume (percent by weight). This result agrees with the estimates given in the existing literature [see e.g., Williams and Carter, 1996] . Note that in the case of ultrafine (<10 nm) aerosol samples collected on the carbon film, this analyzed volume contains also a large amount of the carbon foil itself. This shortcoming cannot be easily avoided, and, since it is also very difficult to estimate how much of the analyzing volume includes the carbon foil as well as the particle, it is practically impossible, with any degree of accuracy, to estimate the actual fraction of each element in these very small particles.
[12] The instrumental background signal of the elemental analysis was verified by two procedures. The 'in-holecount' spectrum [Williams and Carter, 1996] was obtained by directing the electron beam into a hole in the carbon film. The corresponding spectrum is given in Figure 4a . Only copper peaks arising from the supporting copper grid are visible. Another possible source of background signal is the foil itself. Therefore a particle free area of the carbon film was illuminated. This foil background is shown in Figure 4b . Only carbon, oxygen, silicon and copper are detected. Carbon, oxygen and silicon are assumed to arise from the foil. Again, the presence of copper is evident because of the supporting copper grid. Calibration curves for TEM collector, i.e., sampling efficiency as a function of particle size. Here, silver particles in laboratory conditions have been used as test particles. The top line corresponds to 1.5 LPM, 0V, the second line from the top corresponds to 1.5 LPM, progressively increasing voltage to 5 kV, corresponding to the third line.
For the purpose of this study, neither sulphur nor iodine was found in the foil.
Emission Measurements of Halogenated Hydrocarbons
[13] The actual emission of volatile organic compounds from seaweed was determined with two different types of gas-exchange chambers: a small static soil cuvette (diameter 150 mm) for qualitative investigations; and a larger dynamic gas-exchange chamber for quantitative measurements, the latter kindly made available by the University of Lancaster. Both cuvettes consisted of inert materials such as glass or Teflon. In contrast to the majority of other emission studies on macroalgae, the emission measurements were carried out in a non-submerged state of the plants. Sampling air was taken from the outlet of the cuvettes and collected on Tenax TA/Carbopack B (100 mg each) filled adsorbent traps. The sampling flow was 100 mL min À1 and the sampling time between 10 and 30 min. This resulted in a total sampling volume of 1 to 3 L, which proved to be an appropriate amount to allow also the detection of minor halogenated hydrocarbons.
Description of the Gas Sample Analysis
[14] After termination of sampling in the field, the tubes were sealed with Swagelok end caps and stored in the dark at 4°C until they were transported to the laboratory at the ISAS in Dortmund, Germany. There, the compounds of interest were thermally desorbed and automatically focused within a cryotrap (GLT-tube). The cryotrap temperature was maintained below 190 K. Finally, the compounds were injected onto a capillary column (50 m DB-5, 0.32 min i.d.; SGE GmbH, Weiterstadt, Germany) by computer controlled heating of the trap. The eluted substances were transferred to a mass spectrometric detector (ion trap, ITD 700, Finnigan MAT, Bremen, Germany) and monitored by their typical fragment ions. For the quantification of iodinecontaining compounds m/z 127 (I + ) is an appropriate fragment ion, for bromine-containing compounds m/z 79 (Br). The comparison of full scan mass spectra and retention times with those of reference compounds was used to identify the different halogenated species (CH 2 I 2 , CH 3 I, CH 2 IBr 2 , CHBr 3 ). Some of the compounds detected as emissions from macroalgae were not available as reference substance. Beside their tentative identification by comparison of their mass spectra with a mass spectrometric database (Wiley), their retention behavior was used as additional information to assign a certain molecular structure. Experimental details about preparation and analysis of the adsorption tubes are given by Hoffmann [1995] .
Field Experiments
Site and Campaign
[15] The experiments were carried out at the Mace Head research station in Galway County at the west coast of Ireland. The two intensive field campaigns during the PARFORCE project were performed at the station in September 1998 and June 1999. The site and the two campaigns are described thoroughly by O'Dowd et al. [2002a, 2002b] . In both campaigns numerous ultrafine particle bursts were observed. Observation of the particle bursts was done online using particle number concentration data from condensation particle counters and size distribution data of ultrafine and fine mode particles using Differential Mobility Particle Sizer technique.
Sampling Schedules in Mace Head 3.2.1. Measurements of biogenic emissions from seaweed
[16] The primary goal of these investigations was the characterization of volatile organic compounds (VOCs) Figure 3 . NIST reference standard for the EDX analysis in the TEM microscope using 5 nm spot size in the beam.
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emitted from some widespread weed species on the western European coastline. Originally, the investigations were aimed at the characterization of biogenic VOC emissions, especially highly reactive VOCs (e.g., sesquiterpenes), which were suspected to be potentially involved in new particle formation. Air samples were taken out of a dynamic gas exchange chamber (cuvette technique). The portable chamber covered a certain area of the weed and the release of VOCs was determined by measuring their individual concentrations in the inlet and outlet of the chamber. For this purpose, an adsorptive pre-concentration/ thermodesorption/GC/MS methodology was applied. The measurements were aimed at giving a qualitative and quantitative picture of the VOC release from important weed species and its variation among different species.
[17] The actual sampling took place during the first PARFORCE campaign on Julian day (JD) 262 -263 (21.09.1998 -22.09.1998 ). The sampling periods were from 12:00 to 15:00 on 21st of September and from 14:00 until 14:00 on 22 of September. The DMPS measurement data from the emission measurement period, shown in Figure 5 , shows two subsequent particle formation bursts. The two periods for the emission measurement are marked in Figure  5 with a bar underneath the size spectra. 14:30) and JD 168 (10:20 -16:20) . These samples were all taken when the prevailing wind direction was westnorthwest (i.e., clean marine air). The submicron particle size distribution data from the collecting period of JD 163 -165 shows three subsequent particle formation bursts following the occurrence of low tide (Figure 6 ). The periods for ultrafine particle collections are marked in Figure 6 with a bar underneath the size spectra. The time for collection was decided at the site based on the online DMPS data, ensuring that sampling took place exclusively during the nucleation bursts.
Results
Characterization of Samples
[19] One goal of this study was to examine any connection between halogenated VOC emission data from certain seaweed species at Mace Head, in the not-submerged, or exposed state, with information on the chemical composition of nanometer particles at the same site during particle burst events regularly observed during low tide. Unfortunately, this was not possible since emission measurements were performed only during the September 1998 PARFORCE campaign, whereas TEM/EDX analysis were performed on particles collected during the June 1999 campaign. Comparison between the particle and gas sampling periods is, however, still justified since during both campaigns, well distinguishable and recognizable particle formation events occurred daily. As seen in Figures 5 and 6 , the daily particle formation bursts contained periods with high concentrations of ultrafine particles. In both figures a distinct ultrafine mode can be seen, which is located roughly between 8 and 12 nm for the first PARFORCE campaign (emission measurements) and between 4 and 8 mn for the second PARFORCE campaign (particle sampling).
[20] During the gaseous emission measurement period during the 1998 PARFORCE campaign, a type III [O'Dowd et al., 2002b] nucleation burst occurred with wind direction 110°-140°, while during the particle sampling during the 1999 PARFORCE campaign, type I and II events prevailed with a variable wind direction between 90°-200°[O'Dowd et al., 2002b] . Type III events correspond to events in semipolluted air and with the source region 2 -3 km upwind of the station (to the south and southwest) while type I and II events occur in clean marine air approaching from the southwest to northwest. During type I events, the source Figure 5 . DMPS plot of 6-day period JD 163 -168, 1999 during PARFORCE 2 campaign at Mace Head. The five TEM sampling periods are indicated with horizontal bars below the spectra. PAR region of the new particles is the foreshore 50-100 m upwind from the measurement laboratory, while during type II events, there are additional tidal source regions 10-20 km upwind. It should be noted that the events, regardless of air mass, appear to be driven by biogenic emissions and not by anthropogenic pollutants in the air [O'Dowd et al., 2002b] . Overall, for all cases, the air masses have been transported across tidal regions with varying degrees of seaweed and biota coverage exposed directly to the atmosphere. Thus for both gas and particle samples, emissions from the seaweed during low tide have been undoubtedly present.
[21] The total sampling time for the first particle sample, from JD 163-166 was roughly 15.5 hours while the total sampled volume of air was 1400 liters with an average particle concentration of 10 5 cm À3 If the particle size is roughly 8 nm in diameter, then approximately 3% of them would be electrically charged in equilibrium conditions, maintained by the Pm-147 bipolar aerosol charger. This would mean a number concentration of roughly 3000 cm À3 for both polarities. Therefore during the 15.5 hours, we expect to collect roughly 4 Â 10 9 particles on the film with size of 3.2 Â 10 6 m À2 . This would result in a number density of 1.3 Â 10 15 particles m 2 (i.e., 13 particles per 100 nm 2 on the carbon film). Figure 7 shows one overall image near one large hole of the carbon film, seen on the right edge of the figure. Estimated from the TEM graph, the approximate particle number density is in the order of 5 -10 particles per 100 nm 2 confirming the previous rough estimation for the sampling efficiency. This result also confirms that the numerous particles on the film really are ultrafine particles formed in the vicinity of Mace Head site.
Single Particle Analysis
[22] As was shown in Figure 7 , the particle sampling foils (Holey carbon films on supporting copper grid) were heavily loaded with ultrafine particles, sized well below 10 nm in diameter. In Figure 8 , two representative TEM graphs with corresponding EDX-spectra on single particles using a 5 nm spot size are shown. In Figure 8a , a spot of the plate with only ultrafine particles and no larger ones, is shown. Distinguishing minor details are very difficult since the contrast of the carbon film more or less dominates the image. The EDX analysis shown in Figure 8a reveals presence of sulphur and iodine in the particles. The signals are weak; however, the presence of both of the two K-peaks is evident for iodine. For sulphur, the K-beta peak is mixed with chlorine K-alpha, but still sulphur is undoubtedly present in this particle. In Figure 8b another spot of the collector plate is shown with no larger particles present. According to the corresponding EDX analysis, also here, iodine is visible. Strikingly, sulphur is not well observed in this particle, however, there is some evidence of potassium present also. The spectra for the two particles shown in Figure 8 , along with the spectra from a third ultrafine particle, are summed Figure 9 along with smoothing using a 5-and 8-point Fast Fourier Tranformation (FFT) method to illustrate that the signal is significant. The peaks at the location of sullphur, iodine and potassium remain and are clearly detectable. Obviously, no quantitative conclusions can be drawn from the results since the data evaluation is based on low signal intensities below detection limits, but just above sensitivity limits. EDX analysis was carried out on 10 ultrafine particles, with each particle analyzed 3 -4 times to confirm consistency in the gathered spectra. The trend was very clear; in summary, roughly 9 out of 10 of the analyzed ultrafine particles with diameters below 10 nm contained iodine. Most, but not all, of these ultrafine particles contained sulphur as well. It is also worthwhile to mention that bromine or chlorine was not seen to be present in any of the particles. Potassium was also observed in some of the particles. For comparison with the ultrafine particles, larger particles were also analyzed, two of which are presented in Figure 10 , with the corresponding EDXspectra. For the larger particles, the sulphur and potassium signals were noticeably stronger. Iodine was also present in all of the spectra, however it is obvious that with increasing particle size both sulphur and potassium become more abundant relative to iodine. In summary, all the larger particles analyzed (50 -500 nm) were found to contain significant amounts of sulphur. Also potassium was present in these particles, as was iodine to a lesser extent. When focusing the beam on the particle in order to analyze it with EDX, often two symmetrical reflections were observed in the diffraction pattern right in the beginning (À1 s) of the illumination, indicating a crystal particle shape. One example of the crystallinity in the smaller particles is visible in Figure 10b as ''white'' reflections around the particles. These data suggest that the ultrafine particles are crystalline in morphology.
Gases
[23] As mentioned above, the original idea of the emission measurements was to identify potentially efficient aerosol precursors released from local macroalgae species, (e.g., sesquiterpenes). However, no reactive high molecular weight VOCs were detected as algae emissions. Instead, a series of halogenated hydrocarbons were identified as volatile emissions from macroalgea. Marine algae, or sea- weeds, belong to the oldest members of the plant kingdom. They have little tissue differentiation, no true vascular tissue, no roots, stems, or leaves, and no flowers. Our measurements were focused on a few species of the widespread brown algae genus Fucus. It is a small genus of macroscopic marine seaweeds called wracks. The plants consist of a flattened, dichotomously branched Thallus, which has a small stipe and a holdfast. The blade usually has a locally thickened area that is centrally placed and which is called a midrib Air bladders are frequently present which help to keep the plant afloat when submerged. There is no conducting tissue in Fucus; it is unnecessary, as the plant is small enough to be able to manufacture food locally.
[24] Emission measurements were carried out at the beach of Carna Bay, located nearby to the Mace Head measurement site. We investigated the species Fucus vesiculosus, Fucus serratus and Fucus spiralis in a wet, not submerged state. Although comparison with literature data is not straightforward due to the different experimental setups (submerged/not submerged) and unit systems (emission rate based on surface, dry algal weight, wet algal weight), the measured halocarbon emission rates for the three macroalgae (Table 1 ) are in the same order of magnitude as the emission rates measured for red algae (Rhodophyta) [Mtolera et al., 1996; Giese et al., 1999] . The dominant compound released is Tribromomethane (CHBr 3 ). For this halocarbon, the highest emission rates with values up to 8 ng s À1 m À2 during daytime were measured for Fucus spiralis. Higher emission rates were found for Fucus vesiculosus at nighttime and for dead, decaying algae . Much smaller amounts were found for dibrommethane emissions with values not much higher than 1 ng s À1 m À2 . The measurements of iodinated hydrocarbon emissions from the selected macroalgae species show the direct and significant input of these compounds into the atmosphere during periods of low tide. Six iodine-containing compounds could be detected from the gas-exchange measurements of not-submerged seaweed as direct emissions, CH 3 I. C 2 H 5 I, CH 2 C1I, CH 2 BrI, CH 2 I 2 and CHBr 2 I (Figure 11 ). Among these compounds CH 2 I 2 was the dominant iodine species released from all the investigated macroalgae at the site. For this compound, maximum emission rates greater than 1 ng s À1 m 2 were observed.
[25] This is in accordance with previous emission studies on marine macroalgae from various climatic zones. Giese et al. [1999] investigated 29 species of subtropic, temperate and polar macroalgae and also found diiodomethane as the major iodine containing compound released from all plants investigated. Similarly, Mtolera et al. [1996] and Laturnus [1996] observed the highest release rates of iodine species in form of CH 2 I 2 . Based on concentration measurements of halocarbons in air at Mace Head, Carpenter et al. [1999] suggested that the input of iodine into the boundary layer is mainly due to the release of diiodomethane from the shore biota.
Discussion
[26] The ultrafine particle analysis gives clear evidence that part of the iodine species in the coastal atmosphere ends up in the particulate phase, even in the new ultrafine particle mode. We are not able to give accurate estimates about the iodine concentration in the particles nor any information about the actual chemical species in question. However, from the weak EDX-signals of iodine and sulphur in the samples, one is still able to discover the presence of both elements in the particles. For single ultrafine particles, the amounts of both iodine and sulphur are close to detection limits. For the estimation of detection limit concentration one is obliged to rely on the standards available for other elements. As an order of magnitude estimation, it is probable that the iodine signals in the spectra observed correspond to iodine amounts on the order of 0.1-1% of the analyzed volume. Since the analyzed volume consists of most of the particle volume plus some unknown volume of the foil material, the concentration of iodine is clearly higher than this, perhaps 1 -10%; however, it is only armwaving to estimate the actual concentration using this technique. As the sulphur signals in the sample spectra are of the same order, the same is assumed to apply for sulphur also, with an error estimate of roughly one order of magnitude. Analysis of the larger particles, with sizes of 100 mn and more, shows always clear presence both iodine and sulphur in the particulate phase. The particles analyzed were 7 -8 nm in sizes and are therefore considerably greater, in volume terms, than the new particles we can detect at 3 nm. Hygroscopic growth factor analysis for 8 nm particles over the same period as the TEM samples were taken [Väkevä et al., 2002; O'Dowd et al., 2002a O'Dowd et al., , 2002b indicates that these sized particles have a growth factor of <1.1; however, growth factors can increase to 1.2-1.3 as the production of sulphuric acid increases. These data indicate that the initial particle mass comprises some very low solubility compound which can become more soluble as more sulphuric acid condenses on the new particle condensation sink [Dal Maso, this issue]. The particular samples discussed here overlapped with the peak production of sulphuric acid; therefore a mix of particles containing only iodine and containing both iodine and sulphate is to be expected even if the condensation of an iodine species is one of the driving mechanisms leading to coastal particle production.
[27] The results here also illustrate a significant flux of iodinated hydrocarbons from the marine biota, suggesting a link between particle production and biogenic halocarbon emissions; however, data on the release of iodine containing volatiles from marine plants are still rather limited. Especially, very little information exists on the release rates under low tide conditions, i.e., emission of halocarbons in the not submerged state when not only the absence of the water cover might facilitate the direct release into the atmosphere, but the plants may also experience additional oxidative stress. All of the emissions studies published so far focused on the estimation of released rates of submerged macroalgae. Certainly, the database collected from the gasexchange measurements as presented here is limited and no final conclusions can he drawn about the various factors which might influence the height of the iodinated hydrocarbon emission from not submerged macroalgae (e.g., influence of light, living plantsversus. decaying algae). Nevertheless, our measurements show that diiodomethane is also directly emitted in significant quantities from the plants during periods of low tide and confirm the observational evidences of Carpenter et al. [1999] that the coastline areas with significant macroalgae coverage are the source for the various iodine compounds observed at Mace Head. In addition, the direct emission of other very short-lived molecules, such as CHBr 2 I, as found in this study, might contribute to atmospheric iodine.
[28] Another result, arising from the EDX analysis is that no bromine was seen in any of the samples. If bromine compounds have been present, they have possibly been evaporated from the sample. However, when looking at the list of the compounds identified, in many of the cases also iodine was involved. The two bromine-only species emitted were dibromomethane (CH 2 Br 2 ) and tribromornethane (CHBr 3 ). Based on the results we cannot exclude these volatile species, but their presence seems still rather unlikely, since not even the larger particles showed any trace of Br in the spectra. This, perhaps, is not unexpected since Br does not form stable oxides as iodine does. No Chlorine was found in the ultrafine particles in any samples, thus suggesting that Cl compounds do not participate in the nucleation processes either. It should be noted that potassium was sometimes seen in the ultrafine particles along with significant contributions to the larger submicron particles, although it is unclear where the potassium comes from since no precursors where identified in the gaseous emission study.
[29] The results presented here are highly significant in light of some recent laboratory investigations [Hoffmann et al., 2001] . These studies focused on the measurement of particle number concentration and chemical composition of aerosol particles formed after photodissociation of CH 2 I 2 in a laboratory scale reaction chamber. Unequivocal rapid new particle formation was observed in the lower ppb-range of CH 2 I 2 . Chemical characterization of the newly formed particle phase by online APC1/MS indicated that the particles were composed purely of oxides of iodine. These results together with the outcome of the field studies presented here, a significant direct release of volatile iodinated hydrocarbons from shore biota, mainly in the form of CH 2 I 2 , and the occurrence of iodine in submicrometer particles, support the idea that iodine is a key component in the nucleation events frequently observed at the site [O'Dowd et al., 1999] . Whether the nucleation events observed at Mace Head are a result of homomolecular homogeneous nucleation of iodine compounds or if low volatility iodine species, such as iodine oxides, simply lead to rapid growth of already existing thermodynamically stable sulphate clusters [Kulmala et al., 2000] remains an open question. Neither one of the alternative routes could be excluded based on the data of this study. However, it seems evident that iodine, and sometimes sulphur, compounds are present at the early stage of the ultrafine particle growth in the particle size below 10 nm.
Conclusions
[30] Emission measurements from coastal biota around Mace Head illustrate that only halocarbon compounds are released when the biota is exposed to the atmosphere. The primary species released are CH 3 I, C 2 H 5 I, CH 2 ClI, CH 2 BrI, CH 2 1 2 and CHBr 2 I. The emission rate of CH 2 I 2 was observed to be as high as 1 ng s À1 m
À2
. Attempts to fingerprint halogen species in ultrafine particles were successful; however, only iodine was identified. Most samples also contained a similar amount of sulphur, and sometimes potassium. It was not possible to quantitatively estimate the percentage volume of either sulphur or iodine in these samples due to the small quantities involved and the difficulties in making any chemical composition analysis of ultrafine particles. Nevertheless, this is the first evidence of iodine being present in significant amounts, at least relative to sulphur, in recently formed particles. These findings, combined with laboratory studies indicating rapid particulate iodine oxide production from the photolysis, in the presence of ozone, of CH 2 I 2 , support the idea that coastal new particles require, at least, the condensation of iodine species to produce the observed new particles. It can not be stated at this stage, given our limited knowledge, whether or not iodine oxides also participate in the nucleation processes. Nevertheless, these results circumstantially link the production of coastal particles to the direct and local emission of biogenic halocarbon gases from local biota. Considerably more work is required to elucidate such processes, including the use of more sophisticated techniques to size and identify the chemical composition of new particles, as well as developing our theoretical understanding of nucleation processes other than those involving sulphur, as well as better understanding the gas-phase cycling of iodine compounds.
